Summary
To Plasma amino acid levels are regulated by many nutritional and hormonal factors and reflect the integrated features of the metabolism of many organs in the body (1) . Liver and skeletal muscle are known to be the two major organs which regulate plasma amino acid levels. Liver takes up, metabolizes and releases most amino acids except those of the branched-chain type. On the other hand, skeletal muscle has been shown to be the main organ which metabolizes the branched-chain amino acids. Moreover, on starvation, skeletal muscle synthesizes and releases alanine and glutamine into the circulation, whereas liver takes up alanine for gluconeogenesis. Most of the knowledge on inter-organ amino acid flow has been obtained by the artereo-venous difference method. However, this method is not appropriate to elucidate quantitatively the metabolic response of the organ to changes in plasma amino acid levels. In 1971, Bloxam applied the liver perfusion system to investigate the role of liver in the regulation of plasma amino acid levels (2) . He showed that liver always releases branched-chain amino acids and always takes up glutamate, aspartate, alanine, serine and arginine irrespective of their plasma levels. On the other hand, this organ regulates the levels of other amino acids in response to their plasma levels. These findings suggested that skeletal muscle might play a role complementary to that of liver in regulating plasma amino acid levels. However, little work has been reported to date on the response of skeletal muscle to changes in plasma amino acid levels (3). In the present study , we investigated the response of skeletal muscle to changes in plasma amino acid levels using the technique of perfusion of rat hindquarters. The results clearly show the complementary role of skeletal muscle to that of liver in the regulation of plasma amino acid levels.
MATERIALS AND METHODS
Animals. Male Wistar rats (Shizuoka Agricultural Co-operative Association for Laboratory Animals, Hamamatsu, Japan) were fed on a commercial stock diet (Type MF, Oriental Yeast Co., Ltd., Tokyo) ad libitum and had free access to water. Animals weighing 160-180g were used for the perfusion experiments after over night fasting.
Hindquarter perfusion. Rat hindquarters were perfused using an apparatus described by Yagasaki and Kametaka (4) . Most of the operating procedures followed Ruderman et al. (5) , but some were modified because male instead of female rats were used in the present experiments. The rats were anesthetized with sodium pentobarbital (50mg/kg BW). After midline abdominal incision , the following structures were ligated: the internal spermatic vessels , coeliac artery, superior and inferior mesenteric arteries, portal vein, pylorus and rectum , and the whole intestine was excised. Tight ligatures were then placed on the hypogastric and pudic epigastric trunks and around the internal spermatic vessels, and the testes were excised. The iliolumbar and renal vessels were also ligated securely . After carefully separating the aorta and vena cava between the left renal and iliolumbar vessels, two ligatures were placed loosely around each vessel. Immediately after the halting of the aortic bloodstream above the left renal vessels using a clip, a polyethylene cannula for the aorta (1mm in diameter) filled with heparin solution was inserted from a point of the ligature to near the aortic bifurcation , tightly ligated and the perfusate was allowed to flow through. Another cannula for the vena cava (2mm in diameter) was inserted into the point between the right renal and iliolumbar vessels. Finally, a tight ligature was placed around both vessels above the position of cannulation. During this operation, the cessation of oxygen supply to the a Results of liver perfusion were cited from Bloxam (2) .
amino acid groups according to the characteristics of their flows (2) . Comparing our results with his, we can model a complementary relationship of amino acid flows between skeletal muscle and the liver as shown in Table 4 . Glutamate and aspartate were always taken up by both organs irrespective of their levels in the perfusate , suggesting that these neurotoxic amino acids are rapidly removed from the bloodstream by both organs. Alanine was always taken up by the liver but released from muscle, and this flow from muscle to the liver supported the metabolic significance of the glucose-alanine cycle under fasting conditions (11) . As regards glutamine, there are no available data for the liver, but this amino acid was always released from muscle like alanine. Glutamine, which is released from muscle as another major nitrogen carrier, is known to be transported to the kidney in the acidotic state and to the small intestine in the normal state (12) . Our finding that alanine was synthesized to a higher extent than glutamine under these conditions did not agree with that of Ruderman and Berger (13) . This discrepancy seems to be due to the difference in nutritional conditions, i.e., fed or overnight fasting states . The above workers mentioned that formation of alanine by skeletal muscle increased with fasting, whereas glutamine formation was constant. Branched-chain amino acids were always released from the liver under fasting conditions, but the directions of their flow across muscle were regulated depending on their levels in the perfusate. This strongly suggests that the plasma levels of the branched-chain amino acids are regulated mainly by muscle, and not by the liver. Although the flow of serine was also regulated by muscle, this amino acid was always taken up by the liver. The flow of threonine can be regulated by both muscle and liver, the extent of which is, however, not as great as in the case of serine. From the findings that this amino acid was not metabolized in skeletal muscle (Table 3) , it is obscure whether muscle actually regulates the plasma level of threonine or not. Glycine was always released from muscle and the direction of its flow was regulated by the liver. The flows of other amino acids were not influenced by muscle even at high levels in the perfusate. Therefore, plasma levels of these amino acids are presumably regulated exclusively by the liver. From the above considerations, it was concluded that skeletal muscle and liver play complementary metabolic roles in regulating plasma amino acid levels. Similar perspectives have been presented by Aikawa et al. employing the arterio-venous difference method (14) . However, they could only show the flows of quantitatively major amino acids, e.g., alanine, glutamine, glycine or serine, because the arterio-venous differences in essential amino acid levels were so small. Furthermore, they did not show the response of the organs studied to changes in plasma amino acid levels. On the other hand, we were able to confirm the regulatory role of skeletal muscle in response to the plasma levels of all amino acids including essential ones.
In the present study, we investigated the effects of amino acid levels in the perfusate on their flows across muscle. The perfusate in our study lacked many nutritional and hormonal factors, e.g., fatty acids, ketone bodies , insulin, glucocor ticoids, etc., which should be present in normal blood and would influence plasma amino acid levels. It is necessary to investigate further how nutritional and hormonal factors affect amino acid levels in plasma.
